Struvite, from human urine, is an alternative phosphorus (P) fertilizer. This study evaluated P release from struvite and its effectiveness for maize in Inanda (Ia), Sepane (Se) and Cartref (Cf) soils. Phosphorus sorption isotherms were determined, an incubation study determined the release pattern of P from struvite, and a pot trial compared struvite with single superphosphate (SSP) on maize P uptake. The amount of P at equilibrium (where Q = 0) in the Cf was 1.39 mg L , respectively. The extractable P in all three soils increased with time, with evidence of declining P release after Day 8. Struvite was most effective as a P source in the Cf followed by Se and Ia. Compared to SSP, there was significant improvement in maize grown on the Cf, while the reverse occurred in the Se. Maize grown in the Ia did not respond to either struvite or SSP. It was concluded that the phosphorus sorption was the main limiting factor that governed struvite effectiveness as a P source.
Introduction
The use of human urine as a source of nutrients for crops has received considerable attention (Kutu et al., 2010; Akpan-Idiok et al., 2012) . From these studies, urine has been shown to have potential as a source of both nitrogen (N) and phosphorus (P). Generally, crops fertilized with urine have an agronomic performance comparable to those fertilized with commercial mineral fertilizers. However, there is a social stigma and health concerns with the consumption of crops grown with human urine (Mugivhisa and Olowoyo, 2015) .
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Journal of Soil Science and Plant Nutrition, 2017 , 17 ( 3), [581] [582] [583] [584] [585] [586] [587] [588] [589] [590] [591] [592] [593] Cross contamination of urine by faecal matter has been a cause of great concern, with potential health hazards including the introduction of contaminants such as Escherichia coli and sterols into the food chain, and rotavirus infections (Hoglund et al., 2002) . Separation of urine from faeces at source, has been shown to circumvent some of the health and cross contamination concerns (Karak and Bhattacharyya, 2011) . Although Mugivhisa and Olowoyo (2015) found that 70% of 225 respondents were willing to change their attitude towards crops grown with human urine in South Africa, which suggested an increasing social acceptance there are still some logistical and technical challenges with handling human urine.
Handling costs (transportation and storage) of human urine remain challenging, due to the high amount of water and possible nutrient losses. Loss of nitrogen through ammonia volatilization, inconsistent nutrient concentrations and the heavy metal content of urine are also major concerns. Maurer, et al. (2006) extensively reviewed technologies for human urine treatment, with the major focus on volume reduction of source-separated urine, such as evaporation, reverse osmosis and precipitation of struvite (magnesium ammonium phosphate; MgNH 4 PO 4 .6H 2 O). Precipitation of struvite, by the addition of a magnesium salt to urine, is one of the options currently being evaluated to handle source-separated urine in South Africa.
Struvite is a potentially viable agronomic option due to its high and consistent nutrient composition (Uysal et al., 2010; Antonini et al., 2012) , the 98% reduction in original urine volume , low pathogen and heavy metal content (Decrey et al., 2011) and the cost effectiveness of its production (Etter et al., 2011) . Struvite contains 5.7% N, 12.6% P and 9.9% Mg by mass (Etter et al., 2011) and the high amount of P makes it a potential source of P for crops and its use could be particularly important in the future, considering that P reserves are a finite resource (Schroder et al., 2009) . Given that urine is ubiquitous, struvite production might mitigate some of these supply challenges.
Phosphorus is one of the most limiting nutrients for crop production, especially in tropical and sub-tropical regions and the production of struvite could thus be of particular importance. Considerable attention has been given to struvite production and process optimization.
The agronomic value of struvite has also been evaluated and studies have shown that struvite can be as effective as commercial superphosphate, and under some circumstances can outperform it (Uysal et al., 2014) . Uysal et al. (2010) have suggested that struvite effectiveness as a P fertilizer is favoured in soils with acidic pH.
Despite a considerable number of studies that have been carried out to investigate the agronomic value of struvite, there is only limited information with regards to the role of soil properties on the effectiveness of struvite. The objectives of this study were therefore to investigate the effect of soil properties on struvite effectiveness as a P amendment; to evaluate the potential of struvite to supply plant available P using maize as a test crop; and to compare struvite effectiveness as a P source to that of a conventional P fertilizer (single superphosphate).
Materials and Methods

Soils and struvite
Three contrasting soil horizons were used, namely the E horizon from a Cartref form (Cf; Typic Haplaquept), and the A horizon from an Inanda (Ia; Rhodic Hapludox) and a Sepane form (Se; Aquic Haplustalf) (Soil Classification Working Group, 1991; Soil Survey Staff, 2014; , respectively) . The Cf was sampled from Otto's Bluff near Pietermaritzburg in KwaZulu-Natal (KZN) Province, South Africa (29°56′S, 30°38′E) under natural grassland. The Ia was collected from World's View (29°57′S, 30°57′E), Pietermaritzburg under commercial forestry and the Se from a permaculture site at Newlands-Mashu (29°77′S, 30°99′E), near Durban, KZN. All soils were air-dried and sieved to pass a 2 mm mesh before analysis and use. Samples for organic carbon analysis were sieved to < 500 µm.
Soil pH was determined in both water and 1M KCl at a soil: solution ratio of 1:2.5 using a pH meter (PHM 210). The exchangeable acidity, acid saturation, exchangeable Ca, Mg, K, and extractable P were determined using standard methods (The Non-Affiliated Soil Analysis Working Committee, 1990). Dithionitecitrate-bicarbonate (DCB; Mehra and Jackson, 1960) and acid ammonium oxalate (Jackson et al., 1986) were analysed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using a Varian 720 ES. Soil texture was determined by the pipette method (Gee and Bauder, 1986) , and organic carbon (OC) by dichromate oxidation (Walkley, 1947) .
The struvite used in this study was produced by the addition of MgCl 2 to human urine sourced from urine diversion toilets within the eThekwini (Durban) Municipality. Following struvite crystallization, the suspension was filtered, and the struvite retained on the filter was dried under ambient conditions for at least four days. Struvite was screened through a 2 mm mesh before use.
Phosphorus adsorption isotherms
Phosphorus adsorption on the three soils was studied using equilibration P concentrations of 0, 5, 10, 20, 40, 80, 100, 140 for P using the molybdenum blue method (Murphy and Riley, 1962) . The Langmuir linearized equation
Equation (1) was found to be the best fit for the data compared to the Freundlich isotherm, and was used to derived sorption parameters.
where C is the equilibrium concentration (mg L -1 );
Q is the amount of P sorbed (mg kg -1 ); Qmax is the maximum amount of P that a soil can retain (mg kg -1 ); a and b are constants.
Incubation study
To assess P release from struvite 2 kg of each soil (Ia, Se and Cf) was amended with four rates of powdered struvite (<500 μm), each treatment replicated three This approach has been used by Warren et al. (2009) to study P release from animal bone-char. The higher rates than recommended for maize were used to be able to extract sufficient P to show the trends of the release with incubation.
The treated soil samples were wetted to 50% of their water holding capacity50% was chosen so as to allow sufficient aeration, and ensure that moisture does not limit the dissolution of struvite (Warren et al., 2009) This was determined by saturating a subsample of known mass of each soil and allowing it to drain for 24 hours and reweighing, and then incubated at a constant temperature of 25°C for 22 days. Moisture correction was done weekly based on weight loss, and the containers with the treated soils were opened every three days to maintain aerobic conditions. Samples were taken on days 1, 2, 5, 8, 16 and 22. At each sampling, 50g of soil was removed from each container, air dried and sieved to pass a 2 mm mesh. After extraction with ammonium bicarbonate-EDTA (The Non-Affiliated Soil Analysis Work Committee, 1990), P was analysed by the molybdenum blue method (Murphy and Riley, 1962) .
Pot trial
The experiment was conducted at the University of KwaZulu-Natal (UKZN), Pietermaritzburg Campus (29°36'S, 30°23'E) under glasshouse conditions with maximum and minimum temperatures of 26°C and 16°C, respectively. Struvite was mixed with 2 kg of each of the three soils (Ia, Se and Cf), which had been air-dried, milled and sieved (< 2 mm). The struvite application rates were based on P requirements for maize which were 20, 60 and 80 kg P ha -1
for the Ia, Se and Cf, respectively, as recommended by the KwaZulu-Natal Department of Agriculture.
These were equivalent to 0.20, 0.40 and 0.42 g of struvite per pot for the Ia, Se and Cf, respectively.
The application rates for each soil were chosen so as to include no P (R0), half the recommended rate (R0.5) the recommended rate (R1) and twice the recommended rate (R2). Single superphosphate (SSP; 10.5% P), was applied at the recommended rate for each soil.
After subtracting the amount of N applied as struvite the balance was applied as urea to meet the recommended N requirement of 200 kg ha -1 for all three soils. Potassium (KCl) was added at recommended rates equivalent to 205 kg K ha -1 (0.35g per pot) for Ia; 10 kg K ha -1 (0.010 g per pot) for the Se; and 100 kg K ha -1 (0.085 g per pot) for the Cf. All treatments were replicated three times.
Eight seeds of maize (Zea mays), PAN 4P-767BR cultivar, were planted per pot. After two weeks the seedlings were thinned to four plants per pot. The amount of irrigation applied was based on pore volume calculations. Plants were watered daily (using tap water) to 75% of the pore volume. Water which drained through the pots was returned back to the soil surface.
Pesticides and herbicides were not used during the experiment, and weeding was done by hand. After six weeks growth, the plants were harvested by cutting at 1 cm above soil level, and dried at 70 °C to constant weight to determine dry matter yield. The dried samples were then ground and digested with concentrated nitric acid and analyzed for N, Ca, Mg, K and P by the procedure of Riekert and Bainbridge (1998) . Total P uptake was calculated from total dry matter and P concentration. After harvest, soil from each pot was air dried and analyzed for extractable P, and exchangeable
Ca and Mg (The Non-Affiliated Soil Analysis Work
Committee, 1990).
Statistical analysis
Statistical analysis was performed using Genstat statistical software (Version 12.1; 2009). Analysis of variance (ANOVA) was conducted by running a full model across soils. Mean separation was done using the least significant difference (LSD)
at p = 0.05. Six contrasts were performed using application rates as contrasting factors, for both the incubation and pot trials. Factor levels which were contrasted in the pot trial were R0 vs R0.5, R0 vs R1, R0 vs R2, R0.5 vs R1, R0.5 vs R2, and R1 vs R2.
The incubation experiment contrast was done within each soil and across all three soils. The contrast done across all three soils, assumed a similar structure for that adopted to contrast within soils, and similar factor levels were used.
Results
Soil characteristics
The properties of the three soils used in this study are given in 
Phosphorus sorption
The P sorption isotherms are presented in Figure 1 and the sorption parameters are given in Table 1 . The sorption maximum (Qmax) was highest in the Ia followed by Se and Cf. The amount of P adsorbed (Q) when C is 0 was highest in the Ia with a value of 793.12 mg kg , respectively.
Incubation experiment
The extractable P in all three soils increased with time, with evidence of declining P response after Day 8 (Figure 2 ). The change in extractable P with time in the Ia was almost the same at all four application rates, with R2 having a slightly steeper slope of P concentration than the other rates ( Figure 2 ). Nonetheless, after 22 days the cumulative P in the zero treatment of the Ia soil was approximately 29 mg P kg -1 , almost three times higher than in the Cf soil, and the trend was similar at all application rates.
In the Cf soil the individual curves were clearly distinguishable between the different struvite application rates, with slopes getting steeper with increasing struvite rate (Figure 2) . A similar though somewhat less clear distinction between the curves was seen in the Se. At 16 and 22 days, the rate of P release (slope) decreased, this being more pronounced in the Cf than in the other two soils. ) for Ia, Se and Cf, respectively Comparing the different rates showed that there was no significant difference (p>0.05) in soil P between the control and the lowest struvite P rate (R0.5) for all soils (Table 2 ). There was a significant difference between R0 (control) and R2 (highest application rate) and between R0.5 and R2 for all soils. Incubation time appeared to be the main factor affecting P release in the Ia soil (p < 0.001). For the Cf soil, additional significant relationships were found between R0 and R1, R0.5 and R1 (p<0.001) and between R1 and R2 (p<0.05).
Amounts of P in the Se soil as affected by struvite rates showed fewer significant differences than on the Cf soil. In the Se, the P levels were highly significantly different (p < 0.001) between R0 and R2, R0.5 and R2, and R1 and R2 ( 
Pot trial
Differences in soil type had a highly significant effect (p < 0.001) on maize biomass and nutrient uptake. In the Ia, struvite rates did not have a significant effect on maize biomass which was significantly lower than those of the other two soils (Table 3) . The interaction between rates of struvite and soil type had a highly significant effect on the uptake of P by the maize.
Phosphorus uptake in the Cf increased with struvite rate, while there was no response in the Se and Ia soils (Table 3) . Struvite rates did not significantly affect N uptake in the Ia soil, whereas the R0.5 in the Cf and the R2 in the Se soil, the N uptake was significantly higher than at the zero application rates (R0).
Calcium uptake and biomass of maize were also significantly affected by the interaction of struvite rates and soil type (Table 3) . Calcium, Mg and K uptake were significantly improved where struvite was applied in the Cf and Se soils, whereas struvite rate did not have an effect in the Ia soil (Table 4) .
It was also noted that the residual P, Ca and Mg in all the soils after harvest, were not significantly affected by struvite rates (data not presented).
Comparing struvite with single superphosphate
Neither single superphosphate (SSP) nor struvite significantly affected biomass and nutrient uptake of maize grown in the Ia soil (Table 3 ). The source ) for Ia, Se and Cf, respectively of P had a significant effect on the uptake of most nutrients and biomass on the other two soils (p < 0.05) ( Table 4) . Phosphorus uptake was significantly higher in the SSP treated pots than struvite treated pots on the Se soil (Table 3) .
On the Cf, P uptake from the SSP treatments was statistically similar to that of the control treatment. The biomass of maize on the Se responded similarly to the P uptake. Also, the dry matter yields from the SSP treatments on the Cf were statistically similar to the zero application rate. Calcium and Mg uptake were improved on the Se when SSP was applied as a P sourcebut they were not statistically higher than from the struvite treated pots (Table 3) .
Discussion
Inanda had the highest P sorption this was due to high Fe and Al content (both DCB and oxalate-extractable), and low pH ( Table 1 ). The high contents of Fe and Al oxides at low pH result in P fixation through the positively charged sites on the colloids. The lower P sorption of the Se than that of the Ia could be explained by its lower content of Fe and Al oxides and its higher pH (Fink et al., 2016) . The sandy texture of the Cf explained the lower P sorption compared to the Ia and Se (Table 1 ; Figure 1 ).
Struvite effects on extractable P during incubation were highest on the Cf soil (Table 4 ). This is due to the low sorption properties of this soil (Table 1) . A soil with low P sorption will poorly bind P, and as such P will remain in labile form distributed between extractable form and soil solution. The Ia soil had the highest P sorption with P sorption maximum of 1666 mg kg -1 , owing to this struvite had the lowest impact on extractable P on the Ia. In soils with high sorption maxima P released from a P source is fixed in an unavailable form on the oxides of Al and
Fe through ligand exchange,, subsequently lowering the amount labile P as characterized by both extractable P and P in soil solution (Auxtero et al., 2008) . In the Se, the impact of struvite was intermediate between the other two soils, Se had a a P sorption maximum of 344 mg kg
intermediate compared to that of Ia and Cf. The buffering capacity followed a trend which was similar to that of P sorption maxima, Ia had the highest buffering capacity followed by Se and Cf, respectively. A soil with high P buffering capacity, will require more struvite to change the soil solution P concentration (Shirvani et al., 2005) .
The P buffering capacity results and the impact on ex- Struvite significantly improved maize P uptake and biomass, except on the Ia soil. Biomass and P uptake were most improved on the Cf, followed by the Se and Ia soils the trends observed herein were similar to those of incubation study. Hence, the pot trial results can be similarly attributed to the large sink for P in the Ia, as parameterized by P sorption, and the positive response of the Cf can be similarly attributed to its low P sorption capacity. These results suggest that the P released by struvite in the Ia is not available for uptake by maize but is fixed by the oxides of Fe and
Al especially in the Ia soil.
The comparison between struvite and SSP showed that struvite had an inconsistent performance across different soils. In the Se SSP outperformed struvite, while the reverse was true on the Cf soil and on the Ia no response was observed from either SSP or struvite (Table 3 ). The inconsistent performance of struvite has been reported before by Ackerman et al. (2013) and Massey et al. (2009) they both concluded that struvite effectiveness as a P fertilizer is dependent on soil properties. This proposition is in agreement with the results obtained on this study. Soil pH has been cited as the major factor that explain the variance of struvite effectiveness as a P fertilizer across different soils. It has been proposed that in acidic soils struvite solubility is enhanced, and the reverse is true for soils with high pH. (Massey et al., 2009; Ackerman et al., 2013) . However, from the present study there is little evidence in support of soil pH as the main soil parameter that affects struvite P release and availability across different soils (Mehrizi et al., 2015; Palma et al., 2015) . Both Se and Cf had a similar pH of 6.85 and 6.77 respectively, yet maize P uptake and biomass under struvite treatments were significantly lower compared to the SSP treatment in Se, while the reverse was true in Cf. The results suggests a compromised effectiveness of struvite in Se soil. It is worth noting that both struvite and SSP were applied to achieve similar P rates, so as to be able to make fair comparison between the two sources. The phosphorus sorption properties will impact P from both struvite and SSP similar manner, although some modifications on soils treated with struvite might occur due to the changes in salt concentration. Nonetheless, according to the study by Huang et al. (2015) , changing ionic strength from 0.001 M to 0.1 M can cause a reduction in sorption maxima by up to 0.076 mg g -1 , thus these modifications can be considered negligible in the present context. Furthermore, a reduction in sorption maximum is concurrent with an increase in soil solution P. This is contrary to the observation made on the Se, where P uptake and biomass were lower, compared to those of SSP, even on treatments where struvite was applied at twice the recommended rate.
To explain these results we considered struvite dis- Figure 2 ) and the reverse applies on the Cf. It has been reported previously that high P levels can limit phosphate rock dissolution (Smyth and Sanchez, 1981; Uwumarongie-llori et al., 2012) .
This might also apply to struvite in the Ia given its high initial P concentration and perhaps explain the poor response of crops to P in the Ia. (Table 1) . Both low initial exchangeable Mg and extractable P in the Cf might explain the greater response to the added P from struvite, thus suggesting that struvite may be effective as a P source on this soil. The Cf soil seemed to be reaching equilibrium with struvite after 8 days in the incubation experiment, as suggested by declining P levels on Days 16 and 22 (Figure 2 ). The solubility of struvite is not the limiting factor for struvite dissolution given a short equilibration period between soils and struvite. Equilibrium between soil solution and struvite driven by the solubility product principle are the major driving forces of struvite dissolution under these experimental conditions.
Conclusions
This study investigated the potential of struvite as a P source for maize in three contrasting soils. Soil properties likely to affect P released by struvite were quantified. Struvite P release patterns revealed that it reaches equilibrium with all three soils within 10 days of incubation and thus P released by struvite can be considered readily available. The effectiveness of struvite as a P source for maize was compared to SSP and was found to be soil specific It was most effective on the sandy Cf soil that had low extractable Fe and Al, and a low P sorption maximum. Solubility product principles pertaining to struvite dissolution need further investigation and of particular interest are the effects of initial soil levels of Mg and P on struvite dissolution. It is clear from the current study that struvite will be most effective in soils with low initial P, Mg and sorption maxima.
